Transitions to overtone 2ν 2 and 2ν 3 , and combination ν 2 +ν 3 
I. INTRODUCTION
Protonated molecular hydrogen, H 3 + , is arguably the most fundamental molecular ion, playing a central role in a wide range of chemistry, physics, and astronomy. 1 At the theoretical level, this simplest of polyatomic molecules (i.e., 3 H nuclei and 2 electrons) has served as a benchmark system for development of high accuracy ab initio methods, especially as a prototype of treatment of 2e -three-center bonding. In addition to its fundamental theoretical challenges, the H 3 + ion is also of significant experimental relevance, since it is readily formed via ion-molecule reaction of molecular hydrogen with H 2 + , H 2 + + H 2 → H 3 + + H.
As a result, H 3 + plays a key role in environments where molecular hydrogen gas is ionized, specifically in molecular hydrogen dominated plasmas. Since hydrogen is by far the most abundant element in the universe, with molecular hydrogen dominating in the cool regions, formation of H 3 + ions is therefore expected to be of ubiquitous astrophysical significance. Indeed, H 3 + has already been detected in the atmospheres of planets [2] [3] [4] and discovered both in molecular clouds [5] [6] [7] as well as the interstellar medium. 8, 9 As a consequence of such broad scientific interest, the H 3 + ion and its isotopomers have represented ongoing targets of extensive experimental and theoretical effort. [10] [11] [12] [13] [14] [15] The laboratory spectrum of H 3 + ion was first measured in 1980 by Oka, 16 followed by spectroscopic studies of fundamental, 17, 18 overtone, 19, 20 and vibrational hot bands. 21 It is worth noting that even partially deuterated isotopomers of H 3 + can also be of astrophysical importance, despite the fact that the cosmic abundance of deuterium is generally accepted to be only ≈ 10 24, 25 Due to lower populations and weak transition strengths, however, it has proven challenging to extend such isotopomer studies into the overtone region, despite the need for such efforts to guide astronomical observations. As the primary thrust of this work, overtone/combination band transitions for these partially deuterated isotopomers are reported for the first time, using the high-resolution IR spectroscopy combined with concentration modulated slit discharge techniques to achieve the requisite sensitivity levels.
In addition to astrophysical importance, there are other compelling reasons for fundamental spectroscopic interest in these isotopomers. Though a reasonably accurate description of 2-electron bonding in H 3 + and isotopomers is available from conventional electronic structure calculations, the level of effort required to match experimental observation to spectroscopic accuracy is far from trivial. Specifically, large amplitude motion of the H/D nuclei leads to considerable complications and challenges in the nuclear dynamics for this light three-atom system. Indeed, Tennyson and co-workers 26, 27 have clearly shown that a large contribution to error in the ab initio determination of H 3 + rotation-vibration state energies arises from the breakdown of the fundamental BornOppenheimer approximation, i.e., sufficiently rapid electronic motion on the time scale of nuclear displacements to justify the concept of a potential energy surface (PES). In fact, the magnitude of such effects for H 3 + and isotopomers is on the order of several cm -1 even for fundamental vibration/rotation levels; this is already 10 3 -fold in excess of high- Exact rovibrational solution of H 3 + and isotopomers as a full five-particle system remains an unsolved challenge. Nevertheless, progress in these directions has been extremely promising based on approximate three particle variational calculations with suitably modified potentials and effective non-Born-Oppenheimer kinetic energy terms in the Hamiltonian. 29 A twin track approach has been adopted, with initial studies improving ab initio estimates of both the Born-Oppenheimer potential and the adiabatic correction using previously observed spectroscopic data and more recent studies modeling these using an entirely ab initio procedure. 29 To successfully obtain these spectra, slit jet discharge methods have been modified to "synthesize" high densities of partially deuterated molecular ions, in a jet-cooled configuration suitable for direct absorption IR laser spectroscopy at the shot noise limit.
State-of-the-art non-Born-Oppenheimer theoretical predictions are then used to expedite high-resolution searches for overtone stretching/bending rovibrational 2ν 2 The organization of this paper is as follows. Section II presents a brief description of the experimental apparatus, with particular emphasis on the slit discharge source and recently implemented concentration modulation technique for study of jet-cooled ions.
The spectroscopic results are presented in Sec. III, followed by detailed comparison with theoretical predictions from non-Born-Oppenheimer model calculations. Section IV presents a spectroscopic assignment highlighting the significant role of Coriolis 
II. EXPERIMENT
The present studies have been performed with the near-IR high-resolution spectrometer and a pulsed, slit supersonic discharge source, 30, 31 for which the concentration modulation technique has been recently implemented. 32 The narrow band 
III. RESULTS: NON-BORN-OPPENHEIMER EFFECTS
Initial frequency and intensity predictions for these studies were based on the nonBorn-Oppenheimer potentials of Dinelli et al., 28 which had been refined using spectroscopy data available at the time. Intensities were calculated using the dipole surface of Rohse et al. 37 During the analysis of the present data, however, new ab initio frequency predictions were made. Although a detailed description of these non-Born- 
, which is then further modified to model mass dependent non-Born-Oppenheimer effects. First of all, the so-called "adiabatic" or diagonal corrections to the Born-Oppenheimer potential surface are included, which yield
The ∆V based on high quality jets to previously observed spectra. The information gained in these experiments will be used to further refuse theoretical models of non-BornOppenheimer effects.
43

IV. SPECTRAL ASSIGNMENT AND ANALYSIS: CORIOLIS INTERACTIONS
Though a primary impetus for the present work has been an experimental test of the ab initio non-Born-Oppenheimer calculations, these spectra presented herein also reflect first high-resolution data on H 2 D + and D 2 H + in the overtone and combination band region. Due to large rotational constants and efficient cooling in the slit jet discharge, the spectra are extremely sparse, with only the very lowest energies (J= 0, 1, and a few J= 2 levels) populated sufficiently to detect, and no internal combination differences for independent spectroscopic confirmation of a given assignment. Furthermore, due to the exclusive presence of light H/D atoms in the ions, these overtone/combination band vibrations correspond to large amplitude motion, which leads to anomalously strong vibration/rotation mixing effects. On the other hand, the theoretical predictions of 
where X stands for A, B, and C; the equilibrium constant X e and coefficients α i can be evaluated from the ground state and the first excited state constants for each molecular ion and vibration. 23 
V. LINE STRENGTHS AND STATE POPULATIONS
Absorption based measurements also yield valuable complementary information on lower state populations via line intensities. Although experimental line strengths are typically determined far less precisely than spectral line positions, repeated scans over transitions can be used to yield relative line strengths to < 10% accuracy. These relative overtone vs. fundamental line intensities can then be compared to theoretical calculations and thereby provide independent assessment of the ab initio dipole moment surface at large amplitude vibrational displacement.
The measured integrated absorbance is given by
where N 0 is the molecule density in the region and l = 64 cm is the total absorption path 
where Q NS is the nuclear spin weight factor (Q NS = 3 and 1 for ortho and para states, This level of disagreement is real and will be the subject of further ab initio studies. It is worth noting that the present comparison is based on intensities derived from the less accurate semi-empirical wave functions and dipole surfaces, which have since been superceded. 38 Given that the semiempirical predictions for eigenfrequencies are still quite accurate, the dipole surface would seem the more plausible source of such discrepancies. In this regard, the line strength S 0 of a given transition derives from the transition dipole matrix element 〈Ψ f |µ µ|Ψ i 〉, which is conventionally represented by a Taylor series expansion of dipole moment derivatives of µ(Q):
In this approximation, vibrational intensities in the fundamental bands are dominated by the lowest (i.e., first order) partial derivatives with respect to each normal mode 
VI. ION-MOLECULE REACTIONS AND ORTHO/PARA POPULATION ANALYSIS
These population data provide additional insights into ion-molecule kinetics of jet-cooled species and ortho-para interconversion dynamics in the discharge slit expansion. Figure 2 shows 45 which report rate coefficients at temperatures of 80 K and 300 K (see Table III The differences between experimental data at 71(6) K and model predictions at 80 K suggest an appreciable temperature dependence to the rates. To appreciate why, it is helpful to note that reactions only involve the H/D exchange and therefore the enthalpy change is determined solely by zero-point energy differences between reactants and products. Incorporation of D atoms via fast proton exchange reactions (i-ii), (iv), and (vivii) therefore reflect processes exoergic by ≈ 100-240 cm -1 , as summarized in Table III using zero-point energies for the isotopomer ions 46 and H 2 , HD, and D 2 reagent. 47 Though small, these exoergicities are significant with respect to k B T rot ≈ 50 cm -1 in the discharge expansion, which by detailed balance preferentially shifts the system toward higher steady state concentrations of both deuterated ion species at lower D 2 mole fractions.
In order to briefly explore this temperature dependence, we offer a very simple attempt to model the experimental data at 71 (6) Herbst et al. 48 ; and (4) rate constants for the remaining two mildly endothermic reactions (k 3 and k 8 ) are adjusted in a least squares process to fit the experimental data. The best fits are reported as solid lines in Fig. 8 , with the inferred rate constants summarized in Table   III . Given the level of approximation involved in such a steady state kinetic analysis, the agreement between experiment and simulation should be regarded as quite satisfactory.
Though such a steady state population analysis is necessarily approximate, the least squares fits nevertheless provide some information about low temperature ionmolecule reaction rates. Based on assumptions described above, the rate coefficients for k 3 and k 8 are estimated to be ≈ 5.7 and 2.9 x 10 -10 cm 3 s -1 . It is worth noting that these values are significantly lower than VT-SIFT experimental values, 45 which would be consistent with temperatures significantly higher than 80 K in VT-SIFT experiment .
Indeed, this possibility was in fact suggested by Giles et al., 45 and provides further incentive for improved rate measurements in this temperature range for these important astrophysical processes. In any event, estimates from the present work indicate that these rates could be substantially lower than previously reported. 45 As a final topic, we briefly address the kinetic origin of the experimentally observed ortho vs. para ratios in the H 2 D + and D 2 H + ions. This is closely related to the very interesting question of symmetry selection rules in chemical reactions, as investigated theoretically by Quack. 49 Indeed, the existence of such selection rules has been observed experimentally only in a few cases, most recently by Uy et al. 50 for reaction (1) and reactive collisions of H 3 + with H 2 . In these previous experiments, ratios of ortho-and para-H 3 + spectral lines were measured in normal and para-H 2 discharges; the non-statistical results clearly supported the existence of a "spin memory" for this simplest of proton exchange reactions. The slit discharge provides an opportunity to explore such spin selection rules in ion-molecule reactions under much lower temperature conditions. As shown in Fig. 2 Together with the reaction rate coefficients listed in Table III 
